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Human Epidermal Keratinocytes Accumulate
Superoxide Due to Low Activity of Mn-SOD, Leading
to Mitochondrial Functional Impairment
Hue-Tran Hornig-Do1, Ju¨rgen-Christoph von Kleist-Retzow2,3, Katrin Lanz1, Claudia Wickenhauser4,
Alexei P. Kudin5,6, Wolfram S. Kunz5,6, Rudolf J. Wiesner1,3 and Matthias Schauen1
The energy metabolism of the epidermis has been the subject of controversy; thus we characterized the
mitochondrial phenotype of human primary keratinocytes and fibroblasts, in cell culture and in human skin
sections. We found that keratinocytes respire as much as fibroblasts, however, maximal activities of the
respiratory chain (RC) complexes were 2- to 5-fold lower, whereas expression levels of RC proteins were similar.
Maximal activities of aconitase and isocitrate dehydrogenase, two mitochondrial enzymes especially vulnerable
to superoxide, were lower than in fibroblasts. Indeed, superoxide anion levels were much higher in
keratinocytes, and keratinocytes displayed higher lipid peroxidation levels and a lower reduced glutathione/
oxidized glutathione ratio, indicating enhanced oxidative stress. Although superoxide dismutase activity and
especially expression of the mitochondrial superoxide dismutase, Mn-SOD, were drastically lower in
keratinocytes, explaining the high superoxide levels, glutathione peroxidase activity and protein were almost
undetectable in fibroblasts. Catalase activity and hydrogen peroxide levels were similar. In summary, we could
show that keratinocytes actively use the mitochondrial RC not only for adenosine 50 triphosphate synthesis but
also for the accumulation of superoxide anions, even at the expense of mitochondrial functional capacity,
indicating that superoxide-driven mitochondrial impairment might be a prerequisite for keratinocyte
differentiation.
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INTRODUCTION
The main task of epidermal keratinocytes is proliferation and
synthesis of proteins and large amounts of lipids in order to
establish the stratum corneum, the main barrier protecting the
organism against pathogens as well as chemical and physical
damage. These processes require high amounts of energy,
which is normally generated by mitochondrial oxidative
phosphorylation. It has long been known that atmospheric
oxygen is taken up by the human epidermis (von Gerlach,
1851), but only recently was it shown that the flux of oxygen
from the environment is even sufficient to fully cover its
oxygen consumption (Stucker et al., 2000, 2002). On the
other hand, because the epidermis has no vasculature, it has
been proposed that its energy metabolism may be function-
ally anaerobic (Ronquist et al., 2003). Thus, the energy
metabolism of the epidermis is still an area of debate.
Owing to their location at the interface between body and
environment, keratinocytes are directly exposed to a highly
pro-oxidative environment and thus may be especially
vulnerable to damage by reactive oxygen species (ROS),
generated in a number of physical and biological processes
(Thiele et al., 1997), however, mainly as a side effect of
oxidative phosphorylation, which converts a small portion of
oxygen to superoxide (O2
) (Balaban et al., 2005). In small
amounts, ROS are thought to importantly modify regulatory
signaling pathways, whereas increased ROS concentrations,
resulting from either increased production or decreased
detoxification, can cause oxidative damage to various cellular
components, ultimately leading to cell death (Droge, 2002).
Recently, it was reported that mitochondria undergo
dramatic phenotypic changes in an apoptosis-like process
during the differentiation program of keratinocytes in the skin
(Tamiji et al., 2005). Other reports have even suggested that
this activation of the apoptotic pathway is necessary for the
keratinocyte differentiation process (Polakowska et al., 1994;
Allombert-Blaise et al., 2003).
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Thus, to better understand the role of mitochondrial
function in the skin, we compared the mitochondrial
phenotype in the two most abundant cell types: fibroblasts
and keratinocytes. The mitochondrial properties of fibroblasts
have already been well characterized, as they are routinely
analyzed in the clinical context during diagnosis of mito-
chondrial diseases (Chretien et al., 1994). Here, we could
show that keratinocytes actively use the mitochondrial
respiratory chain (RC) not only for adenosine 50 triphosphate
synthesis but also for the accumulation of superoxide anions,
probably as a prerequisite for differentiation, even at the
expense of mitochondrial functional capacity.
RESULTS
Respiration and mitochondrial function
Conflicting reports about the energy metabolism of the
epidermis led us to investigate whether keratinocytes are
functionally aerobic or anaerobic, in the latter case not using
mitochondrial respiration to cover their energy demands.
Keratinocytes displayed an increased lactate production
compared to fibroblasts (17.272.4 vs 4.870.2 fmol/minute/
cell), but the oxygen consumption of intact cells, reflecting
the metabolism of endogenous substrates, was found to be
similar in both cell types (Figure 1a). On the other hand, after
permeabilization with digitonin, oxygen consumption rates
were somewhat, albeit not statistically significantly, lower in
keratinocytes in the presence of substrates, which feed their
electrons into the RC via complex I (pyruvate/malate),
whereas they were considerably and significantly, lower for
substrates feeding their electrons into the RC distal from
complex I (succinate or glycerol-3-phosphate) when com-
pared to fibroblasts. The higher activities in fibroblasts
indicate a considerable reserve capacity, as observed also
in other cell types (Rustin et al., 1994; Mollers et al., 2005).
Thus, keratinocytes, in contrast to fibroblasts, cannot further
accelerate mitochondrial oxidation rates after the addition of
exogenous substrates to freely accessible RC complexes. As
in this experimental setting, the activity of cytochrome c
oxidase (COX), for example, is not rate limiting over a
considerable range in addition, we analyzed the activities of
mitochondrial inner membrane complexes by spectrophoto-
metric assays with freeze-thawed homogenates of the cells
that had been used before in the polarographic studies. The
activities of the RC complexes determined by this method,
that is complex II (succinate quinone dichlorophenol
indophenol reductase), complexes IIþ III (succinate cyto-
chrome c reductase), complex III (quinone cytochrome c
reductase), and complex IV (COX), were 2- to 5-fold lower in
keratinocytes than in fibroblasts (Figure 1b), whereas the
ratios between these enzymatic activities were rather
similar, reflecting the typical concerted balance seen in a
functional RC (Rustin et al., 1991, 1994; Chretien et al.,
1998). These results indicate that although keratinocytes have
a reduced maximal respiration capacity, their RC is func-
tional and, indeed, competent for adenosine 50 triphosphate
production.
Reduced expression of the mitochondrial inner membrane
protein complexes might be responsible for the altered
respiration capacity; thus, we determined the levels of
different RC subunits by Western blot analysis. No pro-
nounced differences were seen between both cell types in the
protein levels of cytochrome c, the 39 kDa subunit of
complex I and subunit I of complex IV, and also in levels
of the mitochondrial transcription factor A (TFAM), tightly
associated with and thus reflecting mitochondrial DNA
copies (Maniura-Weber et al., 2004) (Figure 2). The expres-
sion of core 2 subunit of complex III in keratinocytes
appeared to be even higher than in fibroblasts, but analysis
of the differences of a densitometric quantification of the
immunoblot bands did not reach statistical significance for
any of the proteins examined. This indicates that the reduced
respiration capacity in keratinocytes was not due to altered
expression levels of inner membrane complexes.
Oxidative stress and damage
To analyze whether other mitochondrial enzymes are also
impaired, we determined the activities of the Krebs cycle
enzymes fumarase and citrate synthase, but found these to be
similar in fibroblasts and keratinocytes (Table 1). However,
the activity of aconitase, an iron-sulfur protein, which has
been reported to be a sensitive measure of cellular levels of
superoxide anions (Gardner et al., 1994), was 50% lower in
keratinocytes (Table 1). We therefore assumed that this might
be related to increased superoxide levels. To test this, we also
looked at the activity of isocitrate dehydrogenase (IDH),
which has been shown to be sensitive to inactivation by
peroxynitrite and lipid peroxidation products, which are
generated when superoxide reacts with nitric oxide and lipids
(Kissner et al., 1997; Lee et al., 2003; Yang et al., 2004).
Indeed, keratinocytes also showed a markedly reduced
activity of IDH (Table 1), suggesting that the activity of
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Figure 1. Oxygen consumption and activity of mitochondrial enzymes.
(a) Keratinocytes (black) and fibroblasts (white) were introduced into a
polarographic chamber to monitor their oxygen consumption. After recording
of intact cell respiration (CO), cells were permeabilized with digitonin, and
the oxidation rates for pyruvate in the presence of malate (MPox), for malate
in the presence of glutamate (MGox), for succinate in the presence of
carbonyl cyanide m-chlorophenylhydrazone (Sox) and for
glycerol-3-phosphate (GPox) as substrates were determined. Oxygen
consumption per mg of cellular protein is shown. (b) RC complex activities in
keratinocytes (black) and fibroblasts (white). The activities of complex II
(SQDR), complexes IIþ III (SCCR), complex III (QCCR) and complex IV (COX)
were determined as described in Materials and Methods. Activity per mg of
cellular protein is shown. Data are the mean7SD obtained from
keratinocytes and fibroblasts from three donors. NSP40.05, *Po0.05,
**Po0.01.
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aconitase and also IDH might be reduced due to increased
O2
 levels (Ragan, 1976; Moreadith et al., 1984).
To exclude that the differences in oxidative damage were
due to the different culture media, we performed a control
experiment, culturing fibroblasts in parallel in normal DMEM
medium and in the keratinocyte growth medium 2 medium
used for keratinocyte culture. IDH activity of fibroblasts
cultured for 2 weeks in keratinocyte medium was 109719%
(average of three donors) of the IDH activity of cells in
fibroblast medium (data not shown), ruling out the cell
culture medium as a cause of the observed differences.
To determine directly the cellular levels of ROS in
fibroblasts and keratinocytes, we utilized the oxidant-
sensitive fluorescent probes DCFDA (5-(and-6-)-chloro-
methyl-20,70-dichlorodihydrofluoresceindiacetate) and hydro-
ethidine, used as a measure of H2O2 and O2
 levels,
respectively. The data in Figure 3 show that H2O2 levels
were comparable in both cell types, but O2
 values were
3-fold higher in keratinocytes. To check whether the increased
O2
 levels cause oxidative stress in keratinocytes, we first
evaluated the redox state of glutathione, which is an index of
the intracellular oxidative status. Reduced glutathione (GSH)
can act directly as an antioxidant by quenching superoxide
anions and hydroxyl radicals (Jones et al., 2003), or as a
substrate for glutathione peroxidase (GPX) to eliminate
peroxides. Figure 4 shows that the reduced as well as the
oxidized glutathione (GSSG) level were significantly higher in
keratinocytes, indicating that these cells are prepared to
tolerate oxidative stress. However, the GSH/GSSG ratio was
2-fold lower in keratinocytes compared to fibroblasts, equiva-
lent to a more oxidized state, suggesting that keratinocytes
indeed suffer from an increased oxidative stress.
To further study the effect of increased levels of O2
 in
keratinocytes, we measured protein oxidation and lipid
peroxidation in total cell extracts. Although protein carbony-
lation, determined by derivatization with dinitrophenyl-
hydrazine followed by detection of derivatized carbonyls
with anti-DNP-antibodies (Levine et al., 1994), was found to
be rather variable between cells from different donors, with
no major difference between keratinocytes and fibroblasts
consistently observed (data not shown), lipid peroxidation,
assessed by measuring the level of thiobarbituric acid-
reactive substances, end products of lipid peroxidation, was
significantly higher in keratinocytes (Figure 5a).
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Figure 2. Mitochondrial proteins in whole-cell lysates of keratinocytes and
fibroblasts. The expression of the 39 kDa subunit of complex I (C I), core-2
subunit of complex III (C III), subunit I of complex IV (C IV), cytochrome c and
the mitochondrial transcription factor TFAM (TFAM) in fibroblasts from three
donors was compared to that in keratinocytes from three donors using
Western blot analysis. Equal protein loading was confirmed by reprobing for
b-actin.
Table 1. Activity of Krebs cycle enzymes in fibroblasts
and keratinocytes1
Activity2 in
Enzymes Fibroblasts Keratinocytes
Aconitase 6.471.1 3.370.1*
Isocitrate dehydrogenase 92.2715.5 36.675.5*
Fumarase 107.7722.0 93.679.3NS
Citrate synthase 72.5711.1 65.179.6 NS
1Fibroblasts and keratinocytes from three different subjects were
examined as described in Materials and Methods.
2Results are expressed as nmol/min/mg protein and represent the means
(n=3)7SD.
*Po0.05 for the comparison fibroblasts versus keratinocytes. NSP40.05.
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Figure 3. Cellular levels of ROS determined by flow cytometric analysis in
fibroblasts and keratinocytes. (a) Hydroethidine oxidation, (b) CM-
H2DCFDA oxidation. Results represent relative fluorescence intensity
(means7SD) obtained with keratinocytes (black) and fibroblasts (white) from
three different donors in three independent experiments. At least 10,000 cells
were analyzed in each experiment. *Po0.05, NS¼ P40.05
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Figure 4. Glutathione redox state in keratinocytes (black) and fibroblasts
(white) from three different donors. (a) GSH, (b) GSSG, and (c) GSH/GSSG.
Results are presented as the mean7SD of three separate experiments.
*Po0.05, **Po0.01, ***Po0.001.
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Analysis of the mitochondrial membrane potential (Dcm)
by FACS revealed that this was lower in keratinocytes than in
fibroblasts (Figure 5b). Quantitation showed lower 3,30-
dihexyloxacarbocyanineiodide (DiOC6(3)) fluorescence in
keratinocytes (2,7797469 FU vs 2,0067121 FU, n¼4,
P¼0.042). Hence, the increased exposure of the mitochon-
drial inner membrane to superoxides in keratinocytes appears
to cause either an impaired generation of a membrane
potential or an increased permeability to protons or a
combination of both. We were unable to detect on Western
blots considerable amounts of the UCP-2 isoform of
mitochondrial uncoupling proteins in keratinocytes, which
may be responsible for an increased proton permeability
(data not shown).
To ascertain that the lower DiOC6(3) fluorescence was not
caused by a generally lower amount of mitochondrial inner
membrane in keratinocytes, we assessed the inner membrane
content of keratinocytes and fibroblasts by staining the cells
with nonyl acridine orange (NAO), a dye specifically binding
to cardiolipin, the major phospholipid specific to mitochon-
dria. FACS analysis of the stained cells showed virtually
identical results for keratinocytes and fibroblasts (338726 FU
vs 370747 FU, n¼ 3, P40.3), indicating a similar mito-
chondrial content in both cell types (Figure 5c).
Antioxidant status
As an imbalance between O2
 degrading enzymes and H2O2-
degrading enzymes can create an accumulation of O2
 or
H2O2, we further characterized the antioxidant defense
system in fibroblasts and keratinocytes. Superoxide anions
are eliminated by a two-step mechanism: first, by a
dismutation of O2
 to H2O2 plus H2O by Mn-superoxide
dismutase (Mn-SOD) or Cu,Zn-superoxide dismutase (Cu,Zn-
SOD), and then by degradation of H2O2 to H2O by catalase
or GPX-1. As shown in Figure 6, the total SOD activity was
reduced in keratinocytes, suggesting that the higher O2
 level
might be caused by reduced activities of O2
 degrading
enzymes. In contrast to Cu,Zn-SOD, which is primarily
localized in the cytoplasm, Mn-SOD is localized in the
mitochondrial matrix and therefore represents the main
defense against O2
 in mitochondria. The decrease in total
SOD activity appears to result from the decrease in both SOD
isoforms, but mainly from the decrease in Mn-SOD activity.
We also measured the activity of H2O2 degrading
enzymes in both cell types. There were no discernible
differences in the activity of catalase in fibroblasts and
keratinocytes (Figure 7a), consistent with the observation that
H2O2 levels were found to be similar in both cell types
(Figure 3). Interestingly, the activity of GPX-1 was substan-
tially higher in keratinocytes, and in fact GPX-1 activity was
hardly detectable in fibroblasts (Figure 7b). Western blot
analysis revealed that the differences in the activities of the
antioxidant defense enzymes were mirrored by correspond-
ing differences in protein levels (Figure 8). Mn-SOD was
almost undetectable in keratinocytes, whereas fibroblasts did
not express GPX-1. The low levels of Mn-SOD were also
found in human skin by immunohistochemical staining
(Figure 9): Mn-SOD expression was almost undetectable in
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Figure 5. Lipid peroxidation, mitochondrial membrane potential, and
mitochondrial mass in keratinocytes and fibroblasts. (a) Lipid peroxidation
(thiobarbituric acid-reactive substances) in keratinocytes and fibroblasts.
Results are expressed as the mean7SD obtained in keratinocytes (black) and
fibroblasts (white) from five donors. *Po0.05. (b) Mitochondrial membrane
potential in keratinocytes (black, lined) and in fibroblasts (gray, filled)
determined by DiOC6(3) staining. The figure shows a representative result of
four independent experiments comparing fibroblasts and keratinocytes from
four donors. (c) Mitochondrial mass in keratinocytes (black, lined) and in
fibroblasts (gray, filled) determined by NAO-staining. The figure shows
a representative result of three independent experiments comparing
keratinocytes and fibroblasts from three donors. Typically a minimum
of 10,000 cells per sample were measured in each experiment.
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Figure 6. Activity of total SOD, Mn-SOD, and Cu,Zn-SOD in keratinocytes
and fibroblasts. All values are the mean7SD obtained with keratinocytes
(black) from three donors and with fibroblasts (white) from four donors.
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Figure 7. Activity of H2O2 degrading enzymes in keratinocytes and
fibroblasts. (a) Activity of catalase. (b) Activity of GPX-1. Data are the
mean7SD obtained with keratinocytes (black) and fibroblasts (white)
from three different donors. NSP40.05, **Po0.01.
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epidermis, compared to dermal fibroblasts, only the basal
layer showed some cytoplasmic staining. GPX-1 was clearly
more abundant in keratinocytes, whereas COX I, TFAM, and
cytochrome c were evenly distributed in the cytoplasm of
both fibroblasts and keratinocytes. GPX-1 was particularly
detected in the lower epidermal layers.
DISCUSSION
Mitochondria make two rather contradictory contributions to
cell life. The classical function is the synthesis of adenosine 50
triphosphate for all energy demanding processes; another is
the generation of ROS, which may compromise the long-term
survival of cells and which are involved in programmed cell
death. It was shown that the mitochondrial proteome, that is,
the phenotype of the organelle, is strikingly different in
different cell types (Mootha et al., 2003). The results
presented here provide new insights concerning the role of
mitochondria in keratinocytes. We show that these cells not
only utilize the mitochondrial RC for adenosine 50 triphos-
phate production, but also for the generation and even
accumulation of superoxide anions – even at the expense of
mitochondrial functional capacity.
The energy metabolism of the epidermis has been the
object of controversy (Stucker et al., 2002; Ronquist et al.,
2003). Here, we demonstrated that isolated keratinocytes,
cultured at low Caþþconcentrations and thus probably
comparable to the basal layer of the epidermis, exhibited a
functional RC and did engage in oxidative phosphorylation.
Indeed, our value of 6 nmol O2/(minutemg protein) for
keratinocytes in culture is very similar to the only value we
could find for intact human epidermis, 1,990 ml O2/(minute
 m3), taking into account that only a fraction of epidermal
protein is located within living keratinocytes (see Appendix).
Although basal oxygen consumption was found to be
similar in both cell types, maximal respiration on substrates
feeding their electrons to the RC distal from complex I was
much lower in keratinocytes. The more pronounced effect
seen for succinate as a substrate (Sox) can be explained by
two facts: first, the activity of complex II as evidenced in
spectrophotometric studies (succinate quinone dichloro-
phenol indophenol reductase) is considerably lower in
keratinocytes than in fibroblasts. This activity is not of any
influence for pyruvate and malate oxidation, whereas it is
clearly relevant for oxidation of succinate in oxygen
consumption studies. Second, the activities of the terminal
K1
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Figure 8. Western blot analysis of Mn-SOD, Cu,Zn-SOD, and GPX-1
expression in keratinocytes and fibroblasts from three donors. Equal protein
loading was confirmed by reprobing for b-actin.
Mn-SOD GPX-1
COX I Cyt c TFAM
Figure 9. Histomorphology of formalin-fixed, paraffin-embedded normal human skin sections. Photographs of immunohistochemical stainings with
Mn-SOD, GPX-1, COX I, cytochrome c, and TFAM antibodies are presented (one out of three comparable cases is shown). Arrows point to strongly stained
keratinocytes, whereas arrowheads point to strongly stained fibroblasts. Bar¼ 50 mm.
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part of the RC, in particular the activity of complex IV, are not
rate-limiting over a considerable range for the oxidation rates
seen for both pyruvate and malate, whereas they can be rate-
limiting (and lower activities therefore more easily appreci-
able) for the oxidation of succinate. The lower activities of
complex III (quinone cytochrome c reductase) and complex
IV (COX) are therefore more easily appreciable in oxygen
consumption studies with substrates yielding higher con-
sumption rates, like succinate does at least in fibroblasts.
The production of lactate, the end product of anaerobic
glycolysis, was significantly higher in keratinocytes than in
fibroblasts. Recent data indicate that lactate plays a critical
role in the stratum corneum: lactate and potassium were
found to be the only components of the natural moisturizing
factor that correlated with the state of hydration, stiffness, and
pH in stratum corneum (Nakagawa et al., 2004). In addition,
lactic acid might also contribute to sustain an acidic pH value
of the skin as a protection mechanism against harmful
pathogens (Aly et al., 1975; Puhvel et al., 1975). Owing to
these properties, it is tempting to speculate that the
production of lactate in keratinocytes is an important factor
of the barrier function of the stratum corneum as well as
maintenance of its flexibility.
As a side effect of RC activity, a small but constant portion
of oxygen is converted to superoxide, and surprisingly,
keratinocytes displayed higher levels of superoxide anions.
The low level of Mn-SOD, the major mitochondrial
O2
 degrading enzyme, in keratinocytes can explain why
O2
 cannot be efficiently detoxified. The in vivo relevance
of these data is confirmed by the low Mn-SOD levels
in keratinocytes in human skin sections.
Possible consequences of superoxide accumulation were
demonstrated previously in yeast mutants lacking Mn-SOD or
Cu,Zn-SOD. In respiring yeast cells, oxidative damage to
proteins and sensitivity to oxidants was found to be increased
(Kokoszka et al., 2001; O’Brien et al., 2004). Moreover,
homozygous mice that are deficient for Mn-SOD die within
days (Li et al., 1995), and mice heterozygous for Mn-SOD
showed increased lipid peroxidation (Strassburger et al.,
2005), similar to the keratinocytes with low SOD activity
investigated here. Mice lacking GPX-1, on the other hand,
showed no developmental defects, no increased sensitivity to
hyperoxia, and no increased protein carbonylation and lipid
peroxidation (Ho et al., 1997). Hepatocytes isolated from
these mice, though, showed a greater superoxide sensitivity
than wild-type hepatocytes (Fu et al., 2001), strengthening
the idea that GPX is dispensable in steady state conditions,
but important during oxidative stress. On the other hand, an
imbalance between SOD and GPX-1 with an elevated SOD/
GPX-1 ratio leads to accelerated senescence phenotypes in
fibroblasts of children with Down’s syndrome, who carry
three copies of the SOD1 gene versus two copies of the GPX1
gene, leading to an elevated ratio of SOD versus GPX-1
activity, and in mouse 3T3 fibroblasts overexpressing human
SOD1 (de Haan et al., 1996).
Indeed, we obtained evidence that oxidative stress was
increased in keratinocytes, indicated by higher levels of lipid
peroxidation end products and a lowered GSH/GSSG ratio.
Similar to mice deficient in Mn-SOD (Li et al., 1995),
keratinocytes showed a clearly lower maximal activity of
mitochondrial inner membrane complexes. The possibility
that oxidative inactivation might be the underlying reason for
this impairment was supported by the finding that in general
activities of mitochondrial enzymes with iron-sulfur clusters,
including aconitase and the RC complexes I, II, and III, which
have been shown to be especially prone to oxidative damage
by O2
 (Zhang et al., 1990; Gardner et al., 1994), were
reduced in keratinocytes. In contrast, activities of mitochon-
drial enzymes without iron-sulfur clusters (fumarase, citrate
synthase) were not affected. Although IDH and complex IV
do not contain iron-sulfur clusters, we could also observe an
impairment of these enzymes, probably as these activities are
sensitive to peroxynitrite and lipid peroxidation products
(Zhang et al., 1990; Lee et al., 2003; Yang et al., 2004),
agents generated after reaction of superoxide anions with
nitric oxide and lipids. Taken together, these observations
suggest that the lower activities reflect a partial inhibition of
mitochondrial enzymes due to oxidative damage.
Experiments on oxidative damage in cell culture are
normally performed in incubators with air, raising the
possibility that the oxygen partial pressure (pO2) the cells
are exposed to is much higher than in the tissue. Because of
such hyperoxic conditions, oxidative damage might be
significantly overestimated. When working with skin cells,
this is unlikely, as skin cells, and especially keratinocytes, are
exposed to high pO2 values from ambient air also in vivo
(Stucker et al., 2002).
Superoxide anions are highly reactive to lipids (Rubbo
et al., 1994; Antunes et al., 1996). It is therefore not surprising
that lipid peroxidation end products were significantly higher
in keratinocytes. Increased lipid peroxidation, that is mem-
brane damage, can also explain the slightly lower membrane
potential in the keratinocytes. In addition, superoxides have
been shown to lead to an increased proton permeability by
activation of uncoupling proteins (Echtay et al., 2002), which
however were too low in abundance to be detectable in our
cells.
GPX-1 detoxifies H2O2, and its high activity in keratino-
cytes ensures that elevated O2
 levels do not lead to elevated
H2O2 levels. Parallel to the increased amount of GPX-1, the
level of its obligatory cofactor GSH was also higher in
keratinocytes than in fibroblasts. In addition to protection
against ROS, GSH has been reported to be an excellent
scavenger of lipid peroxidation products such as 4-hydro-
xynonenal and acrolein (Subramaniam et al., 1997; Pocer-
nich et al., 2001; Drake et al., 2003). In the light of these
data, it is very likely that keratinocytes have mounted a highly
specialized defense system to ensure that lipid peroxidation is
only moderate in the presence of high concentrations of
superoxides, ensuring adequate synthesis of lipids for barrier
function.
As differentiation of keratinocytes shares similarities with
programmed cell death, it has been proposed that apoptosis-
like mitochondrial impairment triggers keratinocyte differ-
entiation. In particular, it has been shown that the treatment
of keratinocytes with inducers of mitochondrial dysfunction
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like rotenone, staurosporine and protoporphyrin leads to
differentiation-related changes, including flattened morpho-
logy, stratification, and expression of keratin 10. Furthermore,
a decrease in mitochondrial membrane potential and the
release of cytochrome c have been reported during in vitro
keratinocyte terminal differentiation (Tamiji et al., 2005) as
well as in vivo when different layers were compared
(Allombert-Blaise et al., 2003). The release of small amounts
of cytochrome c observed during keratinocyte differentiation
does not induce activation of caspases (Schulze-Osthoff
et al., 1993; von Ahsen et al., 2000a; von Ahsen et al.,
2000b), but rather mediates transcription factor activation
and regulation of gene expression (Grether-Beck et al., 2003).
This suggests the existence of a communication between the
mitochondrial and nuclear compartment by which changed
mitochondrial functions affected expression of nuclear genes
(Arnould et al., 2002). In this study, we provide evidence for
the accumulation of superoxide in keratinocytes, inducing an
impairment of mitochondrial function, which might be a
prerequisite for keratinocyte differentiation.
MATERIALS AND METHODS
The study adhered to the Declaration of Helsinki Principles and was
approved by the University of Ko¨ln.
Cultivation of primary human keratinocytes and fibroblasts
Primary human keratinocytes and fibroblasts were obtained from five
Caucasian donors aged 6–10 years by means of foreskin circumci-
sion, and cultures were established as described previously
(Rheinwald and Green, 1975; Rheinwald and Green, 1977).
Fibroblasts were cultured in DMEM with 5% fetal bovine serum
and supplemented with penicillin (50 U/ml), streptomycin (50mg/ml),
fungizone (50 mg/ml), and uridine (50mg/ml). Keratinocytes were
grown without a feeder layer and without collagen coating in
keratinocyte growth medium 2 (PromoCell, Heidelberg, Germany)
supplemented with penicillin (50 U/ml), streptomycin (50 mg/ml),
and uridine (50 mg/ml). Cultures were grown at 371C in a humidified
atmosphere of 5% CO2 in air. Culture medium was changed three
times per week. Experiments were conducted between passage 2–5,
and at this low passage numbers, we could not observe any
influence of passage number on the results.
Lactate production
For quantitation of lactate production during a 24 hours period, the
culture media sampled after cell counting were deproteinized with
1/10 volume of 6 M perchloric acid and centrifuged for 20 minutes at
20,000 g. The supernatant was neutralized with 6 M KOH, KClO4
was pelleted and the resulting supernatant was used for assaying
lactate concentration in an automated blood analyzer (EML 105,
Radiometer, Copenhagen, Denmark).
Oxygen consumption studies and assays of RC and Krebs cycle
enzymes
All cells were grown until they were approximately 80% confluent.
The growth medium was changed the day before harvesting. The
final cell pellet contained 106–107 cells and was resuspended in
phosphate-buffered saline. The resulting cell suspension was then
used in part for oxygen consumption studies, and was afterwards
frozen for further spectrophotometric assays. The cellular density of
the suspension was evaluated by automated counting (CASY1,
Scha¨rfe System, Reutlingen, Germany), whereas the protein content
was determined by Bradford assay. Oxygen consumption of intact
cells, reflecting the metabolism of endogenous substrates, was
measured shortly after harvesting using two Clark oxygen electrodes
in parallel (Hansatech Instruments Limited, King’s Lynn, UK). Intact
cell respiration was recorded first and then, after permeabilization
with digitonin, the oxidation rates for pyruvate (in the presence of
malate), malate (in the presence of glutamate), succinate, and
glycerol-3-phosphate as substrates were determined. Spectrophoto-
metric studies were performed using a Beckman DU-600 spectro-
photometer (Beckman Instruments, Fullerton, CA) in order to
determine the RC enzyme activities of succinate-quinone-dichloro-
phenol indophenol-reductase (C II), succinate-cytochrome c-reduc-
tase (C IIþ III), decylubiquinol-cytochrome c-reductase (C III) as well
as cytochrome c-oxidase (COX, C IV). The assays of Krebs cycle
enzymes (IDH, aconitase, citrate synthase, and fumarase) were
performed using a Varian Cary 50 Scan spectrophotometer (Varian
Inc. Spectroscopy Instruments, Mulgrave, Australia). All measure-
ments were performed as described by Rustin et al. (1994).
Immunoblots
For Western blot analysis, proteins were separated by SDS-PAGE and
electroblotted onto a polyvinylidene difluoride membrane (Schlei-
cher and Schuell, Dassel, Germany), and then incubated with
appropriate antibodies. Whole-cell extracts were prepared in lysis
buffer containing 1% (w/v) CHAPS, 10 mM N-2-hydroxyethylpiper-
azine-N0-2-ethanesulfonic acid pH 7.4, 150 mM NaCl, and complete
protease inhibitor cocktail tablets (Roche, Mannheim, Germany).
Cells were extracted for 30 minutes at 41C and centrifuged at
15,000 g for 10 minutes to remove cell debris. After incubation
with primary antibodies, immunoreactive complexes were detected
after incubation with secondary peroxidase-labeled antibodies and
enhanced chemiluminescence (Western Lightning, Perkin Elmer,
Wellesley, MA). Mouse monoclonal antibodies used were from:
against 39 kDa subunit of complex I (Molecular Probes, Eugene,
OR), against core 2 subunit of complex III (Molecular Probes,
Eugene, OR), against subunit I of complex IV (Molecular Probes,
Eugene, OR), against b-actin (Sigma, Taufkirchen, Germany), against
cytochrome c (BD Biosciences, San Diego, CA), against GPX (Sigma,
Germany). A sheep antiserum was used against Mn-SOD (Abcam,
Cambridge, UK), a rabbit antiserum against Cu,Zn-SOD (Upstate,
Hamburg, Germany), and a rabbit antiserum had been raised against
recombinant human TFAM (Weber et al., 2002). The following
secondary antibodies were used: peroxidase-conjugated goat anti-
mouse IgG (Perbio Science, Bonn, Germany), peroxidase-conju-
gated donkey anti-sheep IgG, and peroxidase-conjugated donkey
anti-rabbit IgG (Jackson ImmunoResearch, Cambridgeshire, UK).
Protein concentrations were determined by the Bradford assay using
a commercially available kit (Bio-Rad, Mu¨nchen, Germany).
Glutathione redox state and lipid peroxidation
Glutathione (GSH and GSSG) content was analyzed using the
fluorometric assay described by Hissin and Hilf (1976). Standard
solutions of GSH and GSSG (Serva, Heidelberg, Germany) were
used to determine the glutathione content in cell homogenates.
Membrane lipid peroxidation was determined as the presence of
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Malondialdehyde measured by its thiobarbituric acid reactivity
in cell homogenates using the method of Porter et al. (Porter
et al., 1995). Malondialdehyde values in nmol/(mg protein) were
determined using an extinction coefficient of the malondialdehyde–
thiobarbituric acid complex of e532¼ 1.56 105 cm1 M1.
Flow cytometry
Steady-state levels of ROS were assessed in primary keratinocytes
and fibroblasts by measuring the oxidation of hydroethidine and 5-
(and-6-)-chloromethyl-20,70-dichlorodihydrofluoresceindiacetate ((CM-
H2DCFDA¼DCFDA), both from Molecular Probes, Eugene, OR).
Cells were harvested by trypsinization, counted and resuspended in
growth medium without phenol red at a density of 0.5 106 cells/ml.
As a positive control for ROS production, cells were treated with
50 nM Antimycin A for 10 minutes at 371C before dyes were added.
Cells were then incubated for 20 minutes at 371C in a rotary shaker
in the case of hydroethidine (5mM) or 10 minutes at room
temperature in the case of DCFDA (10 mM). Afterwards, cells were
placed on ice and analyzed within 30 minutes using a flow
cytometer (FACSCalibur, BD, Franklin Lakes, NJ).
To measure mitochondrial membrane potential (Dcm), the
cationic dye DiOC6(3) (Molecular Probes, Eugene, OR) was used.
Cells were harvested, counted, and resuspended in culture medium
at a density of 1 106 cells/ml. Cells were incubated with 20 nM
DiOC6(3) for 20 minutes at 371C and washed with phosphate-
buffered saline before analysis. Control experiments were performed
in the presence of 5mM carbonyl cyanide m-chlorophenylhydrazone
(Sigma, Germany) for 15 minutes at 371C, an uncoupling agent that
abolishes Dcm. We checked that DiOC6(3) at the concentration used
does not inhibit cell respiration or alter Dcm on its own using the
Clark oxygen electrode.
The cardiolipin dye NAO (Molecular Probes, Eugene, OR) was
used to estimate the mitochondrial inner membrane mass.
1 106 cells/ml were incubated with 40 nM NAO for 20 minutes at
371C and washed with phosphate-buffered saline before analysis.
Mitochondrial NAO fluorescence has been reported to depend on
the inner membrane potential (Jacobson et al., 2002). Control
experiments were therefore performed in the presence of 5 mM
carbonyl cyanide m-chlorophenylhydrazone for 15 minutes at 371C,
and no changes in NAO staining were observed on uncoupling of
the inner membrane potential.
For all cytofluorometric experiments, forward and side scatters
were gated on the major population of cells, and typically a
minimum of 10,000 cells per sample were measured. The data were
analyzed using the CellQuest software (BD, Franklin Lakes, NJ).
Determination of the activity of antioxidant enzymes
Catalase activity was measured by monitoring the disappearance
of H2O2 spectrophotometrically at 240 nm in the presence of
cellular lysates (Aebi, 1984). Activity was calculated using the
rate of change per minute and the molar extinction coefficient
(e240¼ 47) of H2O2. GPX was assayed using GSH and t-butyl
hydroperoxide as substrate and monitoring GSSG production
through nicotinamide adenine dinucleotide phosphate oxidation
by glutathione reductase (Flohe and Gunzler, 1984). The
activity was calculated from the slope as micromoles of nicotina-
mide adenine dinucleotide phosphate oxidized per minute
(e340¼ 6.22 103 l/mol/cm).
For SOD measurements, mitochondrial suspensions were dis-
solved in 50 mM potassium phosphate buffer (pH 7.8) in proportion
1:4 and sonicated. Total SOD and Mn-SOD activities were
measured according to Przedborski et al. (1996) with small
modifications: the reaction mixture contained 50 mM potassium
phosphate buffer (pH 7.8), and additionally, 1 mM EDTA instead of
diethylenetriaminepentaacetic acid, and 5 mM KCN instead of
NaCN. Protein concentrations of mitochondrial suspensions for
SOD measurements were determined, using a protein assay kit based
on Peterson’s modification of the micro-Lowry method according to
the instructions of the manufacturer (Sigma, Germany).
Immunohistochemistry
Immunohistochemical analysis was carried out after obtaining
informed consent using paraffin-embedded tissue samples. Primary
antibodies against COX I were from Molecular Probes (Eugene, OR),
against cytochrome c from BD Biosciences (San Diego, CA), against
Mn-SOD from Abcam, Cambridge, UK), the antibodies against
recombinant human TFAM were raised in rabbits (Weber et al.,
2002). Briefly, sections were incubated with the primary antibodies
at 41C overnight. The secondary antibody (polyclonal rabbit anti rat,
biotin-labeled, DakoCytomation, Hamburg, Germany) was incu-
bated for 30 minutes, followed by streptavidin-conjugated horse-
radish peroxidase (30 minutes) and 3-amino-9-ethylcarbazole (AEC)
as chromogen (10 minutes). As controls, stainings with no primary
antibodies and with isotype control primary antibodies were
performed. After rinsing in deionized water, the nuclei were
counterstained with hematoxylin, and the tissues were embedded
in glycerol jelly. Photographs were taken with a Zeiss, Oberhuchen,
Axiophot microscope (Zeiss, Germany, objective lens 10 /0.32
NA, Plan-Apochromat) connected to a JVC KY-F75 U camera (JVC
Germany, Freidberg, Germany) and an image-acquisition software
(Diskus Version 4.60.343, Diskus, Ko¨nigswinter, Germany).
Statistics
Results are given as means7standard deviation. Results were
compared using Student’s t-test assuming unequal variances. A
significance level of Po0.05 was considered to be statistically
significant.
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Appendix – Recalculation of epidermal oxygen
consumption:
Human epidermis consumes 1,990 ml O2 m
3 minute1 (Evans
and Naylor, 1967), cited in (Stucker et al., 2002).
1.99 l O2 (22.4 l mol
1)/m3 minute1
¼ 0.0888 mol O2/m3 minute1
(1 m3¼ 106 cm3¼ 106 mlE106 g)
¼ 88.8 mmol O2/106 g minute1
¼ 88.8 nmol O2/g minute1.
Assuming that 1 g of epidermis contains 200 mg of protein,
oxygen consumption is 88.8 nmol O2/200 mg protein minute
1
¼ 0.44 nmol O2/mg protein minute1. Isolated keratinocytes
consume 6 nmol O2/mg protein minute
1 (Figure 1), which is
equivalent to the oxygen consumption of human epidermis,
assuming that 6/0.44¼ 13.5% of the epidermis are respiring
keratinocytes, which seems a reasonable figure.
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